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Summary of Accomplishments

Task 1) : Theory of spin relaxation and decoherence in quantum dots. (D. L 0ss)

Loss has theoretically investigated a variety of problems related to spin qubits in quantum
dots, with primary focus on decoherence issues, the most important scalability issue in
guantum computing. He has shown that the most important source of spin relaxation in
guantum dots is dominated by spin phonon interaction induced by spin orbit coupling. He
made various predictions of the relaxation time in quantum dots as function of dot size,
geometry and magnetic field dependence, which is very specific for GaAs. All these
predictions have been verified experimentally, mostly by groups in this consortium
(Délft, Harvard, and Tokyo), but also by other groups (in particular, Kastner's group at
MIT).In contrast to this, the spin decoherence times turn out to be dominated by
hyperfine interaction of the electron spin with thenuclear spins of the lattice. He spent
considerable effort to understand this type of decoherence in single and double quantum
dots (the latter being motivated by ongoing experiments in the consortium). He found
many new and interesting results, showing that decoherence due to many other spins is
non-Markovian and characterized by power laws. Some of our predictions in double dots
such as power laws, and most recently also universal phase shifts have been
experimentally confirmed (Harvard and Delft). This is agreement between theory and
experiment is very reassuring and demonstrates that we have understood the essential
mechanisms for decoherence, and this gives strong support and credibility to our further
predictions that the nuclear spin problem can be controlled in GaAs quantum dots. In this
context this overall effort has been very successful and has achieved essentially all
milestones such as single spin read out (Delft), sgrt-of-swap (Harvard) and single spin
Rabi oscillations. At the end of this program and based on our theoretical progress in
understanding the sources of decoherence one can now say with great confidence that
spin qubits in solid state systems are one of the most promising candidates for a scalable
quantum compulter.

Task 2). Fabrication and characterization of coupled quantum dots (R.M
Wester velt)

Westervelt studied the behavior of few-electron double and triple quantum dots. He
started with 1-electron tunnel-coupled double dots, and then developed few-electron
triple dots arranged in aring. These devices were formed by gates in a GaAgJAlIGaAs
heterostructure. A charging rectifier that operated as a quantum ratchet was demonstrated
by atriple-dot device. The Kondo effect in 1- and 2-electron quantum dots was observed
in a triple dot device, including nonequilibrium structure. Electrons inside a 1-electron
GaAs dot were imaged using a cooled scanning probe microscope (SPM) tip as a
movable gate. An SPM image of the dot shows rings of high conductance, corresponding
to Coulomb blockade peaks as electrons are added to the dot. The image determines the
energy shift of electrons inside the dot as the SPM tip is scanned above. This technique
was used to measure the diamagnetic shift of the electron ground state inside a 1-electron
GaAs dot. Westervelt also proposed a way to map the wavefunction for an electron state
in the dot using an image of the energy shift, this technique is promising for the future.
For coupled quantum dots, the SPM tip can add or subtract an electron from a given dot,
providing a way to manipulate electrons inside multiple dot circuits. Westervelt



contributed to theory from Loss's group on the entanglement of spins in an open system
through collisions, and to the predicted occurence of Zitterbewegung oscillations of spin
direction in narrow channels, caused by the spin-orbit interaction.

Task 3: Fabrication and characterization of laterally coupled vertical quantum dots
(S. Taruchaand D.G Austing).

Tarucha's group has been successful in the fabrication of few electron laterally
coupled vertical quantum dots. He developed various kinds of technologies for
controlling (1) spin effects in quantum dots using Pauli spin blockade, and spin filtering
effect, (2) charge and spin states in double quantum dots as a function of gate voltage and
magnetic field, (3) exchange coupling in double quantum dots as a function of gate
voltage and magnetic field, (4) coupling between electron spin and nuclear spin with
exchange energy as a parameter, and (5) coherent operation of nuclear spin ensembles.
He also proposed a new scheme of electron spin qubits using slanting Zeeman field. This
scheme is much more relevant for scalability than those proposed to date.

Work on the development of three or more lateraly coupled vertical dots for
potential qubit circuits was initiated. Initial devices were designed and fabricated but it
remains a challenge to reliably make such structures where al gates work and the inter-
dot couplings are comparable and controllable. Simulations by Leburton proved
insightful but also illustrate the extreme sensitivity of the inter-dot coupling to small
variations in the structural parameters. An alternative strategy of coupling three or more
vertical dots vertically was envisaged and will be pursued by Austing and Leburton.
Experiments on weakly coupled vertical double dot structures with a single gate were
successful. There were three areas of focus: i. Single particle states of one quantum dot
were probed up to high energy with the 1s-like state of the other quantum dot. In a
magnetic field, Fock-Darwin like spectra were measured and this is a way to assess in
detail the symmetry of the underlying dot potential. This is useful for realistic device
simulation. Furthermore, 2-, 3-, and 4- quantum level crossings were observed which will
be investigated further for novel mixing effects; ii. Current resonances, current hysteresis,
and slow quasi-periodic current oscillations (~10's second) at high bias, well outside the
N=2 spin blockade regime, were observed. Measurements are being performed to see if
thisis related to electron spin- nuclear spin (hyperfine) coupling. If thisis the case, then
the influence of nuclear spin is more widespread than currently understood; iii. High bias
I-V characteristics were measured, and modeling attempted. This is to test how well
resonant tunneling barrier structures are understood in the context of resonant versus
sequentia tunneling, and scattering (including phonons).

Task 4): Read-out and spin detection in quantum dots

Kouwenhoven's group has been successful in developing a method for reading
out the spin state of electronsin a quantum dot that is robust against charge noise and can
be used even when the electron temperature exceeds the energy splitting between the
states. The spin states are first correlated to different charge states using a spin
dependence of the tunnel rates. A subsequent fast measurement of the charge on the dot
then reveals the original spin state. He experimentally demonstrated the method by
performing readout of the two-electron spin states, achieving a single-shot visibility of



more than 80%. Kouwenhoven found very long triplet-to-singlet relaxation times (up to
several milliseconds), with a strong dependence on the in-plane magnetic field.

Task 5): Measurement of decoherence and exchange modulation in coupled
guantum dots (C.M. Marcus)

Marcus's group developed and measured singlet-triplet spin qubit, measured spin T2
using spin echo in a two-electron quantum dot, measured effect of finite exchange in
preserving spin coherence in double quantum dot, realized two electron square-root-of-
swap operation in atime <~ 1 ns. We aso demonstrated electron mediated exchange
between separated quantum dots (RKKY interaction).

Task 6): Quantum modeling of exchange coupling in realistic quantum dots (J.P.
L eburton)

Leburton’s group has developed comprehensive 3D self-consistent modeling tools to
simulate exchange interaction between two electron spins, which is controlled by electric
gate in experimental quantum dots in the presence of magnetic fields. Variations of the
exchange interaction with magnetic fields reproduce the experimental values (Marcus,
Tarucha), and in the triplet state can at best reach a few tenths of peVs. In this process it
was found that the exchange modulation by the gate field was caused by the coulomb
repulsion between the electrons than by the modulation of the coupling barrier. In this
respect, vertical quantum dots have a dight advantage in achieving higher exchange
values than in planar dots because of the harder confinement offered by the mesa
structure. Overal considerable insight into the influence of device design over the
physics of exchange has been obtained by the new modeling tools.
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